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57 ABSTRACT

Methods and systems for determining fluid levels in a tank
comprise a mmWave Control unit configured to generate a
millimeter wave chirp that ramps linearly from a starting
frequency to a higher frequency within a specified time span.
The mmWave Control unit transmits the chirp into the tank
and receives one or more chirp reflections from the tank. The
mmWave Control unit mixes the chirp with the chirp reflec-
tions to generate one or more intermediate frequency signals
and processes the one or more intermediate frequency
signals to derive one or more distances, each distance
representing the distance from the top of the tank to one of
the one or more fluids in the tank or an obstruction in the
tank. A Telemetry Control unit automatically selects inter-
mediate frequency signals having a signal strength above a
predefined minimum or distances within a predefined dis-
tance window for further processing.

20 Claims, 12 Drawing Sheets

K

Tx Antenna

E Synthesiz&rl

5 iF Signal
&x Antanna

602

Pipe or container
; obstruction
- 508
805
5 806
L

Assumes that Tx and Rx antennas are
within Bmm so signat angle effects arg
negligible.



US 11,555,732 B2

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS
7,542,866 B1* 6/2009 Lovegren .............. GOLF 23/284
702/50
2002/0101373 Al* 82002 Arndt .....ccoevneeee. GO1S 15/584
342/52
2004/0099815 Al* 5/2004 Sfez ....ccoeevenee. A61B 5/0073
250/492.1
2008/0236275 Al* 10/2008 Breed ................. GO1S 15/87
73/290 V
2011/0181458 A1*  7/2011 Feil .ococeveieennnene GOL1S 7/4056
342/124
2017/0008251 Al* 1/2017 Pruett ............... HO1Q 1/424
2021/0359758 Al* 11/2021 Mizunuma . HO4B 10/25752
2021/0403711 Al1* 12/2021 Buzinkai .. HO1Q 1/42
2021/0403713 Al* 12/2021 Buzinkai .. HO1Q 1/421
2021/0407736 Al* 12/2021 Lanagan C04B 35/47

* cited by examiner




U.S. Patent Jan. 17, 2023 Sheet 1 of 12 US 11,555,732 B2
W~ 102 _-103_-104 105 106 107
Y fr g \ COMPL/}TING
v | DIGITAL
LNA (X) ADC FRONT END MODULE
Y ANALOG DIGITAL |1~ 108
LNA > X) ADCH ‘BUFFER SIGNAL
Y PROCESSOR
Z00M
LNA ) ADC— FOURIER
Y AL GORITLM
LNA > ADC
[ MEMORY || 109

1{4 \tq mmWave Radar Processor
Y_ 112 L
: RAMP
@ SYMNesizer — ceNERATOR 110
L S
PA | —
00— 13- — i
N 123 128|130 129
T — = 138N N 131
. ‘ ém{ — SERIAL
TRANSMIT e 135
ANTENNAS = ()] ANALOG
= i=ls /'132
T 90.98in [ 7099
122, IWR1443 ) PR et
=] IWR1642 | 1IN
4 T -] AWR1443 /] 133
RECEIVE 7 AWR1642
antennas || 0HHH (==1_COMPUTER
153 () 4134
124 — GPS
TEWPERRTURE |,1——h, (¥) 136
PROBE N
(———|CELLULAR MODEM
@yﬁ 137
(| SATELLITE MODEM
FIG. 1 4




U.S. Patent

Jan. 17,2023 Sheet 2 of 12 US 11,555,732 B2
299
Telemtry Control /
200~
R g (gt 201
S et w © mmWave \\
& 222 :
202~ | O 6/
O [ R
204~ 0.5
203~ | =% Eﬁxl &
206-| p= Sl
TE, s :Q W
o % ) sor{ |

201+,
mmWave

Control  }

Single Board Telemetry Control and 7
mmWave Control (_

210
FIG. 2C



U.S. Patent Jan. 17, 2023 Sheet 3 of 12 US 11,555,732 B2

Y 81Ghz

| 401
x1 Synthesizer

403 A
':".‘ ol ..... o {F S;nai
mmWave'._} 04 .~ Mixer

TxAntenna / \ /\ Rx Anterna 407
405 474 Assumes that Tx

and Rx antennas
are within 5mm
so signal angles
are negligible.

406; / .

i
; :
i &
e Z
H o
[yl i 4
P B i#
P i i
3 1 i I8
3 i 3 3
H 3 3 s,
I I [ 2
3t /R [ L
N :\ : X : N
N i N PN
: . S ENL -
et o I - % T e e =
: ! : >
s
f1 & d1 £ o d2 £3 o d3 f4 & 4

Fourier transform and Zoom transforms reveal
multiple Frequency for each fluid layer.

FIG. 5



U.S. Patent

Jan. 17, 2023

xt 5 Synthesizer

iF Signal

Sheet 4 of 12

US 11,555,732 B2

Pipe or container
ohsiruction
608
607
1 605 mmWave
o e _ CONTROL
: Sl o s ; .-",«‘.e‘.pe‘, g 606 851 RS ~ 652
Assumes that Tx and Rx antennas are
within Smm so signal angle effects are 853
negligible.
FIG. 6A 654
655
4 FIG. 6C
611
/:/ -~ 812
oy = 613
O % o
5 W@ TS T a4
= PRI e PR
ORI
E / O\;)%\S ,ﬂ\o\(},n\:"af\\'/
- i i
~ -~ hiet?
R e .
e P
e / o B {
a , ,
& _Interface _j_,ay./er cl.'m}g" — 24
% ............ I?Q.?fﬁ‘?‘.’féf@f?; ....... 623
& _Obstructionshirp 622
b
B {

FIG. 6B



U.S. Patent Jan. 17, 2023 Sheet 5 of 12 US 11,555,732 B2

701 mmwWave CONTROL Miglectric

/\ A Comstant | Relectad %

Yacuum 1

Ay 10005
702} g, i Water

Anetong

705

O 1l
i34

fdd

Fi¥ats;
703 % {adcohol
: . Diesel
| Dielectric 3
|Constant [Relected %1 |Glyeol

5 ﬁ:’; 5_
s

i
1
3

27 Toluene
17 Soil dry
Rt wet

Borylin
704 Tefion
{Hylon
{Polycarbo
{Rynar 21

(SRR N N R
Eat
o5

B zrvg
707~ x/é} +

FIG. 7

2
T o
£

R NI B EPTR S o Eut EVS NN P PN
TEF IR TR frd St e ST B L0 b |
)-} t}



U.S. Patent Jan. 17, 2023 Sheet 6 of 12 US 11,555,732 B2

LTS

{Frequency « Distance)~ romWave CONTROL -
s 805

802

800 e UNDESIRABLE
? OBSTRUCTIONE -8m

&
803 {812

RELATIVE POWER LINEAR

Distance of | Depth of fluid = Distance to botiom of tank — Measured Radar Distance
interast 309

[.08,1.55](.40,1.98](.51,.54](.61,.23}{74,.56] <

FIG. 8A

806~

Distanea 2 | Distance 3 | Distancs 4
ypetsy syt ssetiey fhater Y
0.792 2,750 3,164 5872
0831 3365 3,714 AHIS
(1888 2R3 3213 3HET
D858 2,768 3,210
0,889 2340 R
(R34 2753 890 e
8931 toorEsy 1 3151 EX:

0,829 3 BRF 3,197 - 2,83

810

:
&
o

5
%

S0 g EEPC TR | e ] AnR Pl {eex

G826 3.810 1 a1 T g,
3,799 2681 1166
D.855 e 5900

FIG. 8B

(EAR R e ]

k TEE L0 :
SO AsE S 1Y 4 X
LS FA Rl SR B

w0
%
o

o
=

[s+]
-
3]

<

,.-..:»




U.S. Patent Jan. 17, 2023 Sheet 7 of 12 US 11,555,732 B2

mmWave CONTROL | - gq1

i

| ENCLOSURE ECHO [-08m

-900

A0m
S1m

BEAM ANGLES ARE EXAGERATED  #[.09.1.55](.40,1.98]51,54].61,.23] 74, 56]
FOR CLARTY. TYPICALLY BEAMS N\ N\

1}

ARE PERPENDICULAR TOFLUID  g11 912 913 914 915 916

1905
o904 D= 906
909~ 4y, S oIS s
Ly Glo bl
o Lig D~ “‘"g:
25M ;—:)\ rrsQ:. CD1...I.J
M-8 S=oE
oo ol =
2 €2 Dec
2M 5 w EE
1.5M /\ =
' / \35
N
0.5M / LN |
0

0 0.2 0.4 0.6 0.8
Range (meters) \_qq

FIG. 9



U.S. Patent Jan. 17, 2023 Sheet 8 of 12 US 11,555,732 B2

1011 4005
1006
1009 \
> 1010~ \
5. —
ha =N ¥
=
.COM Server |==

1008~ \F Satellite Server
Cellular Server

Cellular Tower

1004 ‘ 1012
I i 1002

REEHY

%

I

D)

1002

&Bs
POOunuse000008000000000006000000000800000080]

FIG. 10



U.S. Patent Jan. 17, 2023 Sheet 9 of 12 US 11,555,732 B2

FIG. 11



U.S. Patent Jan. 17, 2023

Sheet 10 of 12

US 11,555,732 B2

1203\\<: <1206~ /~J 1\\
] [ m— —
CVER FLUI., a TANK LEVEL RADAR
1207~ ¢ e rating o o o
53 GAL
sz ﬁ
@ ; ®)
~1201
© L ©)
J o © ] 9o
53 GAL
1204~ o S8

QOO0
atatetatelstetats
(=2

L

o

wWa O

B Vg %

Ole 00O DD

1205




U.S. Patent

Jan. 17,2023

Sheet 11 of 12

US 11,555,732 B2

13041

=
=

1 e
z 8 =

AN

sririfl




U.S. Patent Jan. 17, 2023 Sheet 12 of 12 US 11,555,732 B2

R
R
R

-------- farfield (f=61) |
[
[
R
[
[
[

1

- — farfield (f=61

1403 —o— farfield (f=62

Fairfield E-Field{r=1m) Abs (Phi=90) |  —-- farfield (f=62
D R e e e T N - -~ farfield (=62
' > AT L farfield (f=62
|-~ farfield (f=62

)

_‘

30§55
g 25l
; A : : : B N ;
15
19 4 3 2 1 0 1E > 3 4 5

I S A — 1404
FCC 15.255 (b) heta/Degree d

- the peak transmitter output power < 0.1 mW (=-10 dBm)
- the peak power density < 9 nW/ems @ 3m

)
)
)
)
)
)

power density: PDa(jng —=> G7[dBi] <10log,o(PD47R2)-Pr{dBm}+30 =
& =10logo(On WV icm? 47x 3m2)-(-10)[dBm]+30

GrldBi -_0 dBi
1413 MBI 1405

), 1406
/41407

L1414

~1-1415

1408

T e

p5f i
R

dBV/m

i H h L h 3 v H 3
1 5 h E 3 ) ) ? 3

10 T
543210123425

Theta / Degree F | G 1 4



US 11,555,732 B2

1
TANK MULTI-LEVEL MEASUREMENT
USING THROUGH THE AIR MILLIMETER
WAVE RADAR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application for patent claims the benefit of priority to
and hereby incorporates by reference U.S. Provisional
Application No. 62/656,032, entitled “Tank Multi-Level
Measurement Using Through the Air Millimeter Wave
Radar,” filed Apr. 11, 2018, and U.S. Provisional Applica-
tion No. 62/691,139, entitled “Tank Multi-Level Measure-
ment Using Through the Air Millimeter Wave Radar,” filed
Jun. 28, 2018.

FIELD OF THE INVENTION

Embodiments of the invention relate generally to the use
of radar to measure levels of fluids and other materials in a
storage tank and particularly to the use of millimeter wave
radar to measure such storage tank levels.

BACKGROUND

Storage tanks are used to store many types of liquids, such
as oil, water, liquid fuels, liquid chemicals, and the like. It
is important in many applications to be able to accurately
measure the level of such fluids in a storage tank, for
example, to detect loss due to leakage and/or theft, for
automatic customer billing based on usage, and also to
ensure a sufficient quantity of such fluids is available.
Measuring a storage tank’s fluid levels typically requires
matching the liquid being stored with a particular sensing
technology in order to accurately determine tank level.
Chemical attributes, viscosity, pressure, temperature, envi-
ronment, cost constraints, power-on time, power require-
ments, accuracy requirements, and other considerations may
dictate what type of sensor can be used for a given liquid.
This is made even more difficult when the tank contains
multiple types of fluids with different attributes.

Accordingly, advancements are continually needed in the
art of measuring storage tank levels.

SUMMARY OF THE DISCLOSED
EMBODIMENTS

Embodiments of the invention use a millimeter wave
(mmWave) radar system to measure levels of fluids and
other materials in a storage tank. The mmWave radar system
emits a chirp signal that reflects off objects and fluids and a
return signal that is received by a receiving antenna. The
received signal is mixed with the outgoing signal to generate
a signal having an intermediate frequency which is directly
proportional to the distance to one or more levels of fluid in
the tank or obstructions. Extraneous obstructions and false
signals can be filtered out to determine the desired distance
by ignoring some resulting distances or lower signal
strengths.

Thus, in general, in one aspect, one or more embodiments
of the present disclosure are directed to a tank level instru-
ment for measuring a distance from near a top of a tank to
one or more fluids in the tank. The tank level instrument
comprises, among other things, a chirp generator operable to
generate a millimeter wave chirp that ramps linearly from a
starting frequency to a higher frequency within a specified
time span. The tank level instrument also comprises a
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transmit antenna configured to transmit the chirp generated
by the chirp generator into the tank, and a receive antenna
configured to receive one or more chirp reflections from the
tank. The tank level instrument further comprises a mixer
operable to mix the chirp transmitted by the transmit antenna
with the chirp reflections received by the receive antenna to
generate one or more intermediate frequency signals, and a
processing unit operable to process the one or more inter-
mediate frequency signals and derive one or more distances
from the one or more intermediate frequency signals, each
distance representing the distance from near the top of the
tank to one of the one or more fluids in the tank or an
obstruction in the tank. A computer is operable to automati-
cally select intermediate frequency signals having a signal
strength above a predefined minimum or distances within a
predefined distance window for further processing and
ignore other intermediate frequency signals and distances.

In general, in another aspect, one or more embodiments of
the present disclosure are directed to a tank level instrument
for measuring a level of fluid in a tank. The tank level
instrument comprises, among other things, a mmWave Con-
trol unit configured to generate a millimeter wave chirp that
ramps linearly from a starting frequency to a higher fre-
quency within a specified time span. The mmWave Control
unit is further configured to transmit the chirp into the tank
and receive one or more chirp reflections from the tank. The
mmWave Control unit is further configured to mix the chirp
with the chirp reflections to generate one or more interme-
diate frequency signals and process the one or more inter-
mediate frequency signals to derive one or more distances,
each distance representing the distance from near a top of the
tank to a fluid in the tank or an obstruction in the tank. The
tank level instrument further comprises a Telemetry Control
unit configured to automatically select intermediate fre-
quency signals having a signal strength above a predefined
minimum or distances within a predefined distance window
for further processing.

In general, in yet another aspect, one or more embodi-
ments of the present disclosure are directed to a method of
measuring a level of fluid in a tank. The method comprises,
among other things, generating a millimeter wave chirp that
ramps linearly from a starting frequency to a higher fre-
quency within a specified time span, transmitting the chirp
into the tank, and receiving one or more chirp reflections
from the tank. The method further comprises mixing the
chirp with the chirp reflections to generate one or more
intermediate frequency signals and processing the one or
more intermediate frequency signals to derive one or more
distances, each distance representing the distance from near
a top of the tank to a fluid in the tank or an obstruction in the
tank. Method further comprises automatically selecting
intermediate frequency signals having a signal strength
above a predefined minimum or distances within a pre-
defined distance window for further processing.

In one or more embodiments of the tank level instrument,
the starting frequency of the chirp is above 60 GHz and a
bandwidth of the chirp is 4 Ghz or more, and the processing
unit is operable to process the one or more intermediate
frequency signals using Zoom Fourier transform.

In one or more embodiments of the tank level instrument,
an enclosure is mounted on the tank over an opening in the
tank, the enclosure isolating the chirp generator, the transmit
antenna, the receive antenna, the mixer and the processing
unit from the tank, the enclosure being made partly or
entirely of a material having a dielectric constant that is
sufficiently low to allow the chirp and the chirp reflections
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to pass through the enclosure with a signal strength loss that
is less than a specified minimum.

In one or more embodiments of the tank level instrument,
the material of the enclosure has a dielectric constant that is
less than 5, the material of the enclosure is impervious to the
one or more fluids in the tank, the same enclosure also
isolates the computer from the tank, and the computer is
operable to ignore distances representing the distance
between the top of the tank and chemical residue that may
collect on the enclosure.

In one or more embodiments of the tank level instrument,
the computer is operable to ignore distances that represent
the distance between the top of the tank and one or more of
foam, gas, fog, mist, ice, sand, debris, chemical residue, and
obstructions in a tank. In one or more embodiments of the
tank level instrument, wireless telemetry is connected to the
computer and operable to transmit the distances selected by
the computer to a remote location, where the wireless
telemetry includes one or more of cellular telemetry and
satellite telemetry.

In one or more embodiments of the tank level instrument,
the computer is further operable to identify a dissimilar fluid
interface by determining whether a first intermediate fre-
quency signal is followed by a second intermediate fre-
quency signal having a lower signal strength than the first
intermediate frequency signal, both the first and second
intermediate frequency signals having signal strengths
above the minimum.

In one or more embodiments of the tank level instrument,
the tank level instrument a self-contained unit, the Telemetry
Control may include a only visual display for a user to
determine a fluid level or fluid volume, the processing unit
is operable to send the one or more intermediate frequency
signals to an external computer for further processing.

In one or more embodiments of the tank level instrument,
an open-sided horn is connected to the transmit antenna, the
open-sided horn composed of two plates connected to each
other at an angle.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other advantages of the disclosed
embodiments will become apparent upon reading the fol-
lowing detailed description and upon reference to the draw-
ings, wherein:

FIG. 1 illustrates a block diagram of an exemplary tank
level measurement instrument in accordance with various
embodiments of this disclosure;

FIGS. 2A-2C illustrate an exemplary implementation of a
tank level measurement instrument in accordance with vari-
ous embodiments of this disclosure;

FIG. 3 illustrates an exemplary chirp signal for a tank
level measurement instrument in accordance with various
embodiments of this disclosure;

FIG. 4 illustrates an exemplary synthesizer for a tank level
measurement instrument in accordance with various
embodiments of this disclosure;

FIG. 5 illustrates exemplary signal reflections for a tank
level measurement instrument in accordance with various
embodiments of this disclosure;

FIGS. 6A-6C illustrate an exemplary signal processing
for a tank level measurement instrument in accordance with
various embodiments of this disclosure;

FIG. 7 illustrates exemplary dielectric constants that may
be used in a tank level measurement instrument in accor-
dance with various embodiments of this disclosure;
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FIGS. 8A-8B illustrate exemplary tank level measure-
ments for a tank level measurement instrument in accor-
dance with various embodiments of this disclosure;

FIG. 9 illustrates an exemplary method of determining an
oil-water interface for a tank level measurement instrument
in accordance with various embodiments of this disclosure;

FIG. 10 illustrates exemplary installation of a tank level
measurement instrument in accordance with various
embodiments of this disclosure;

FIG. 11 illustrates an exemplary housing for a tank level
measurement instrument in accordance with various
embodiments of this disclosure;

FIG. 12 illustrates an exemplary enclosure for a tank level
measurement instrument in accordance with various
embodiments of this disclosure;

FIG. 13 illustrates an exemplary installation of an enclo-
sure for a tank level measurement instrument in accordance
with various embodiments of this disclosure; and

FIG. 14 illustrates an exemplary horn that may be used
with a tank level measurement instrument in accordance
with various embodiments of this disclosure.

DETAILED DESCRIPTION OF THE
DISCLOSED EMBODIMENTS

As an initial matter, it will be appreciated that the devel-
opment of an actual, real commercial application incorpo-
rating aspects of the disclosed embodiments will require
many implementation specific decisions to achieve a com-
mercial embodiment. Such implementation specific deci-
sions may include, and likely are not limited to, compliance
with system related, business related, government related
and other constraints, which may vary by specific imple-
mentation, location and from time to time. While a devel-
oper’s efforts might be considered complex and time con-
suming, such efforts would nevertheless be a routine
undertaking for those of skill in this art having the benefit of
this disclosure.

It should also be understood that the embodiments dis-
closed and taught herein are susceptible to numerous and
various modifications and alternative forms. Thus, the use of
a singular term, such as, but not limited to, “a” and the like,
is not intended as limiting of the number of items. Similarly,
any relational terms, such as, but not limited to, “top,”
“bottom,” “left,” “right,” “upper,” “lower,” “down,” “up,”
“side,” and the like, used in the written description are for
clarity in specific reference to the drawings and are not
intended to limit the scope of the invention.

This disclosure is not limited in its application to the
details of construction and the arrangement of components
set forth in the following descriptions or illustrated by the
drawings. The disclosure is capable of other embodiments
and of being practiced or of being carried out in various
ways. Also, the phraseology and terminology used herein is
for the purpose of descriptions and should not be regarded
as limiting. The use of “including,” “comprising,” “having,”
“containing,” “involving,” and variations herein, are meant
to be open-ended, i.e., “including but not limited to.”

As mentioned earlier, embodiments of the invention use a
millimeter wave (mmWave) radar system to measure levels
of fluids and other materials in a storage tank. A mmWave
radar is a type of radar that uses short electromagnetic
waves, typically only a few millimeters in wavelength (and
hence high in frequency), to produce highly accurate mea-
surements. The mmWave radar system emits a high-fre-
quency chirp signal that reflects off objects and fluids and is
received as a return signal by a receiving antenna. The
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received signal is mixed with the outgoing chirp signal to
generate a signal having an intermediate frequency which is
directly proportional to the distance from the chirp signal
emitter (e.g., an antenna located at the top of the tank) to one
or more levels of fluid or obstructions in the tank. Extrane-
ous obstructions and false signals can be filtered out to
determine the desired distance by ignoring some resulting
distances or lower signal strengths.

The invention, in some embodiments, operates in the
60-64 GHz range or 76-81 GHz range, depending on FCC
requirements, with a wavelength of about 4 mm. These
embodiments can detect distances from a point on the tank,
usually the top of the tank, to fluid in the tank with accuracy
less than a millimeter, which is critical in many fluid
monitoring applications. High-frequency radar is also
largely impervious to plastics and similar materials that are
used in many fluid monitoring applications to isolate the
sensor from the fluid and also to ease equipment installation
effort.

In addition, radar circuits such as the Texas Instruments
(TT) mmWave family of integrated circuits provide compact
methods of processing the necessary signals to determine
distance. The compact size of these radar circuits makes
them particularly well suited for space constrained applica-
tions, as is the case for many storage tanks. The variations
among the TT mmWave family (e.g., AWR1443, AWR1642,
IWR6843) have different attributes depending upon needs,
but the underlying technology used is the same.

The mmWave technology used in some embodiments of
the invention is called frequency modulated continuous
wave (FMCW). FMCW continuously transmits a frequency
modulated signal to determine range, velocity, and angle of
the object being detected relative to the antenna plane.
Weather and aircraft radar, on the other hand, typically use
pulsed-radar systems which transmit short pulses and mea-
sure the time of flight for the signal to return to the antenna.
Time-of-flight based accuracy is not in the millimeter range
and thus pulsed-radar systems are not suitable for tank level
measurements. Other radar-based tank depth measurement
systems use Time Domain Reflectometry. These systems are
more complex and expensive than mmWave systems and do
not have the capabilities of the mmWave based invention
described herein.

The invention in some embodiments employs a single-
chip sensor having mmWave measurement capability, such
as one of the T1 family of mmWave sensors. This single-chip
sensor preferably uses FMCW radar operating in the 60-64
GHz band or 76-81 GHz band with a 4 GHz chirp. The
sensor also includes multiple transmit and receive antennas
with phase-locked loops and analog-to-digital converters.
On-board Digital Signal Processors are used for the receiv-
ers to control and calibrate the signals. A built-in radio
processor is used to mix transmitted and received signals. A
processor runs Zoom or similar Fourier transforms on the
signals to directly determine distance. These single-chip
sensors can provide range, angle, and velocity determina-
tion, all in a small package.

Embodiments of the invention can advantageously be
used on very caustic chemical tanks since they totally isolate
the sensor from the tank fluid. Currently only costly sensors
are capable of accurately measuring tank levels which
contain aggressive and corrosive chemicals, so a low-cost
solution is needed in the industry. Embodiments of the
invention do not require a corrosion resistant sensor and can
use a much more cost-effective sensor due to the novel and
inventive methods used. In addition, embodiments of the
invention are impervious to sand, dirt and debris build up
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because of the novel and inventive methods used. The
sensing distance of the disclosed embodiments can be up to
60 ft in some cases while still maintaining millimeter
precision, which is particularly useful for tall storage tanks.
The disclosed embodiments provide a cost-effective sensor
that is able to determine volume in tanks containing a wide
variety of chemicals and is not hindered by foam, mist, gas,
fog, ice, sand, debris, and chemical residue. Frothing foam
and gases are often generated by the fluid being monitored
and can create havoc with other types of sensing technolo-
gies like ultrasonics, which tend to get false echoes. The
cost-effective tank level sensing solution disclosed herein
can be used on many types of chemicals and tanks without
having to match the sensing technology to the particular tank
application.

Tank level sensing is provided via a mmWave chip
mounted on a circuit board that, in accordance with one or
more embodiments, is housed in a rugged plastic enclosure
to protect it from the environment and tank fluids. Software
in the mmWave chip configures the circuit board’s radar for
use in the tank and sends data representing the millimeter
wave readings to an external control. The software filters the
data to include only the most prominent reflections, a range
of detected fluids and obstructions, or the distances to all of
the detected objects. The external control, when used, parses
the data to determine obstructions and distances to the levels
of different fluids within the tank. The external control can
also use the tank dimensions, once received, to filter out
undesirable (e.g., nonsensical) level readings. Relevant lev-
els and volume can be shown to the user on a display. This
data is often transmitted wirelessly using satellite or cellular
telemetry methods for display on web sites where informa-
tion emails and alerts and reports can be generated depend-
ing upon the end user’s needs. The external control can also
compare previous measurements with new measurements to
detect false measurements in some embodiments.

The disclosed embodiments employ several transmit and
receive antennas which are unlike other tank level monitor-
ing methods. Typically, the send and receive antenna are the
same physically, such as in the case of aircraft or weather
radars or even other tank level monitoring radar sensors.
Multiple antennas are used on the disclosed embodiments to
simplify circuitry and also so that a slight change in arrival
time of an adjacent antenna’s signal can be used to deter-
mine the angle from which the radar signal was sent.
Following is a more detailed description of various embodi-
ments of the invention.

Referring now to FIG. 1, a block diagram of a tank level
measurement instrument 100 according to an embodiment of
the invention is shown. The tank level measurement instru-
ment 100 primarily comprises a mmWave Control unit 120
and a Telemetry Control unit 129. The mmWave Control
unit 120 uses a TI mmWave radar processor integrated
circuit 123, which may be TI part number IWR1443,
IWR1642, ITWR6843, AWR1443, AWR1642, or the like.
Circuit 123 has a ramp generator 111 which works with a
synthesizer 112 to generate the chirps needed for distance
determination. These chirps have a frequency and duration
that may be customized as needed using a computing
module 107. A receive antenna 101 is provided for receiving
chirp reflections and a transmit antenna 114 is provided for
transmitting the chirps. There are four such receive antennas
(indicated at 122) and three such transmit antennas (indi-
cated at 121) in some embodiments. The transmit antennas
114 transmit the chirp signals which are amplified by
amplifiers 113. Multiple antennas are used when angle
measurements are important. Low noise amplifiers (LNA)



US 11,555,732 B2

7

102 are provided for each of the four receive antennas. An
RF Fresnel (not expressly shown) or other type of focusing
lens may be used in some embodiments to focus the chirp
RF beam to a narrower width. Mixers 103 multiply the
signal currently being transmitted with a returned signal that
was previously transmitted a few moments ago. The product
of the mixer 103 creates an intermediate frequency (IF)
signal 104 which is sent to an analog-to-digital converter
105. A digital front end 106 receives the converted signals
and quickly digitizes and stores their values in its analog
buffers for use by a digital signal processor 108, which
performs digital signal processing of the received signals
using the Zoom Fast Fourier transform to determine dis-
tance. Computing module 107 works with memory 109 to
choreograph all of the digital signal processing and other
functions. Serial port 110 sends the determined distance
values for each of the desired tank levels to an external
control such as Telemetry Control unit 129.

Telemetry Control unit 129 may be used to display tank
level data to the user and/or it may be used to send tank level
information to an external web site and generate informative
emails, charts and graphs of the tank contents as well as
possibly showing the GPS location of the tank. This tank
level Telemetry Control unit 129 (including a display there-
for) may be physically co-located with the mmWave Control
unit 120 but is typically located on the side of the tank for
easier access by the user so he/she does not need to pre-
cariously climb on the tank to read the levels. Tank level data
may be transmitted as a serial signal 130 to the Telemetry
Control unit 129 over serial port 110 and received by the
Telemetry Control unit 129 at serial port 131. The tank level
data may additionally (or alternatively) be sent via an analog
voltage or 4-20 mA signal 128 to the Telemetry Control unit
129. The signal 128 is usually the strongest signal repre-
senting a tank level that lies within a desired range of tank
levels. Note that the tank level is typically the distance from
the top of the tank to the fluid, but may also be the distance
from another reference point on the tank to the fluid,
depending on where the transmit antenna is located on the
tank. In some embodiments, however, the tank reference
point may be a software implemented reference point that is
different from the location of the antenna. The tank level
data is sent from serial port 110 to serial port 131 in
millimeter-accurate distances and signal strengths approxi-
mately once every second. Many distances and signal
strengths may be sent per sample and it is up to a computer
133 in the Telemetry Control unit 129 to determine which
signal strengths and/or which distances are important. Like-
wise, computing unit 107 in the mmWave Control unit 120
may only send the distance with the strongest signal to
computer 133 for simple tank level measurements. Typi-
cally, the computing unit 107 only selects the level that is
within a known range associated with a stronger signal level.
All data is transferred to computer 133 over bus 138. An
OLED display (not expressly shown) may show diagnostics,
temperature, and current tank level depth, as well as the
number of gallons, barrels, and/or liters, and remaining
battery voltage to the user. Temperature probe 124 such as
a 1-wire DS1821 may be used to measure fluid temperature
where needed. GPS location is taken with GPS circuit 134.
Telemetry Control unit 129 may transmit data to a remote
site using a cellular modem 136 or satellite modem 137.

FIGS. 2A-2C show an exemplary implementation of the
tank level measurement instrument in the form of circuit
boards. The tank level measurement instrument in this
embodiment comprises a mmWave Control unit 201 and a
Telemetry Control unit 200 which interprets messages from
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the mmWave Control unit 201. The mmWave Control unit
201 is similar to the mmWave circuit 120 from FIG. 1 and
the Telemetry Control unit 200 is similar to the Telemetry
Control unit 129 from FIG. 1. An antenna array is indicated
at 207. The Telemetry Control unit 200 in this example is
comprised of GPS circuit 203, main computer chip 206
which interprets and presents data to the end user, satellite
modem 204, cellular modem 205, setup programming key-
pad 202, and OLED display 209. The keypad 202 and
display 209 are used to program and define undesirable
obstructions in the tank, desired tank level windows, and
distance to the bottom of the tank. The keypad 202 is also
used to configure how often GPS and tank level data is
transmitted if the Telemetry Control unit 201 is used. Serial
data line 208 between the Telemetry Control unit 201 and
the mmWave Control unit 200 transfers distance readings to
the Telemetry Control unit. The serial data can be sent via
line 208 directly to one or more PLCs 211 or other process-
ing plant computers, as shown in FIG. 2B, if the Telemetry
Control unit 200 is not needed. The serial data is comprised
of pairs of distance and signal strength as discussed later
herein in FIG. 9. The PLC 211 would need to parse the
distance and signal power data pairs just as the Telemetry
Control unit 200 word normally do. Where the Telemetry
Control unit 200 is used, the serial data line 208 may be less
than an inch (e.g., 0 inches) long or several hundred feet
depending upon if this is a self-contained mmWave Control/
Telemetry Control unit or a mmWave Control unit that is
located remotely from the Telemetry Control unit. Thus, in
some embodiments, the mmWave Control unit 201 and
Telemetry Control unit 200 may be co-located or housed
together for use on small tanks, or they may be separately
located for larger tank installations. The Telemetry Control
unit 200 may have a computer 206 to analyze the data from
the mmWave Control unit 201, and the display 209 for the
user to show diagnostics, level and volume. Likewise, the
Telemetry Control unit 200 and the mmWave Control unit
201 may be located on the same circuit board. FIG. 2C
shows an example of a single-board embodiment, indicated
at 210, where the Telemetry Control unit 200 and the
mmWave Control unit 201 are implemented on a single
board.

FIG. 3 shows an exemplary chirp signal 300 that may be
used for distance determinations according to one or more
embodiments. The chirp signal 300 resembles a typical chirp
signal emitted by FMCW radars, which transmit a chirp
signal having a frequency that increases linearly with time.
In this example, the vertical axis is amplitude (A) and the
horizontal axis is time (t). The chirp signal 300 lasts about
40 ps, starts at a frequency of about 77 Ghz and ends at about
81 Ghz, or starts at about 60 Ghz and ends at about 64 Ghz,
for a total bandwidth of about 4 Ghz. Other chirp signals
having different bandwidths and durations may of course be
used depending on the particular fluid and application.

FIG. 4 shows an exemplary synthesizer 401 that may be
used to generate a brief chirp that is transmitted by a transmit
TX antenna 403 into a tank 405 containing a fluid 406.
Multiple transmit antennas 403 may be used when signal
angle determination is needed, which is not usually the case
for tank level measurements. The reflection of the chirp by
the fluid 406 is received by a RX antenna 404. A mixer 402
multiplies the RX antenna and TX antenna signals to pro-
duce an intermediate frequency (IF) signal 407. The chirp
profile such as the bandwidth may be custom designed for
the fluid being monitored. Note that the instantaneous trans-
mitted signal frequency is higher than the instantaneous
received signal (i.e., echo) frequency at that instant since the
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echo was initially transmitted at the beginning of the chirp
and the frequency has ramped up during the travel time of
the reflected echo off the fluid. The difference between the
instantaneous transmitted frequency and instantaneous
received frequency is used by the mmWave Control unit to
determine distance.

In the FIG. 4 example, assume the chirp signal may be
represented using the following sinusoidal signal, where x is
amplitude, f is frequency and @ is phase:

x=sin(2nft;+®, ) Transmitted signal

x,=sin(2mt,+P,)Received signal

When the transmitted signal and received signal is mixed
by the mixer 402, the resulting output IF signal x, has a
frequency equal to the difference between the instantaneous
frequencies of the two input signals. The phase of the output
signal x_ is the difference of the phases of the transmitted
and received signals. Thus, the intermediate frequency (IF)
can be expressed as:

x, =sin[(f,—-)2nt+(D - D,)]

where T=2d/c is the time of flight of the transmitted and
received signals, d is the distance (in meters) to the object
from which the transmitted signal is reflected; A is the
wavelength for the mmWave chirp and is about 4 mm, and
c is the speed of light or about 3e8 (300,000,000) meters/
second.

The IF signal is a tone with a constant frequency coming
out of the mixer 402. The IF signal is valid only when the
TX and RX signal overlap. The IF signal out of the mixer
402 can be represented as a sine wave commonly seen in RF
signal processing:

x,=A4 sin(2xfi+¢)

where f is the difference between f; and f,, A is the
amplitude, ¢=4md/} is the phase, S is the rate of change of
the chirp frequency during the chirp, which in the current
example is 4 Ghz/40 puS=100 Mhz/us=100e12. The fre-
quency f can also be expressed as:

FE28d/e
Rearrangement of the above terms produces:
d=fc/25=f(3¢8)/(2*100e12)=/*1.5e~6.

Thus, for example, an IF signal having frequency differ-
ence f of 1 Mhz would produce a distance determination of
d=1e6*1.5e-6=1.5 meters.

FIG. 5 shows an example where there are multiple objects
or fluid layers in the tank, resulting in multiple signal
reflections (i.e., echoes). As can be seen, there are multiple
IF tones because each chirp is delayed by a different amount
of time proportional to the distance to the particular fluid
interface or object that reflected the chirp. Each frequency
difference (e.g., fl, £2, f3, f4, etc.) resolved by Zoom Fourier
Transform is directly proportional to the distance (e.g., dl,
d2, d3, d4, etc.) to the fluid. Fourier transforms are well-
known techniques for converting a time domain signal into
the frequency domain. Zoom Fourier Transform is an addi-
tional signal processing technique commonly used to ana-
lyze a portion of frequency spectrum at very high resolution,
which allows for highly accurate distance determinations. A
frequency translation may be used to shift the frequency
range of interest down to near O Hz, and a low-pass filter
prevents aliasing, thereafter resampling may be performed at
a lower rate. Zoom Fourier Transform processing is per-
formed individually on each of the IF signals (e.g., by the
mmWave Digital Signal Processor 108 in FIG. 1) to deter-
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mine the frequencies of the independent IF signals so
distance to each corresponding fluid boundary or obstruction
can be determined.

FIGS. 6A-6C show the RF signal path in a typical tank
with obstructions and two distinct fluids with different
attributes. Referring to FIG. 6A, a chirp 601 is emitted by a
transmit TX antenna to measure the distance to the two
layers of fluids, a top fluid layer 605 and a bottom fluid layer
606, in the tank 607. A reflected signal 602 represents some
of the RF energy from the chirp 601 being reflected by an
obstruction 608 in the tank. The obstruction 608 may include
braces, pipes, and other objects commonly found in tanks.
Reflected signals resulting from an obstruction 608, such as
the signal 602, are ignored for distance determination pur-
poses. Another reflected signal 603 represents some of the
RF energy from the chirp 601 being reflected off the top
layer of the fluid 605 back to a receive RX antenna. Yet
another reflected signal 604 represents some of the RF
energy being reflected off an interface or boundary between
the two fluids 605 and 606 due to, for example, differing
specific gravities causing the lighter fluid 605 (e.g., oil) to sit
on top of the heavier fluid 606 (e.g., water). Determining the
difference in levels between oil and water and other dispa-
rate chemicals in a tank is important in the petroleum
industry.

FIG. 6B depicts charts showing the frequency (vertical
axes) of the various signals changing over time (horizontal
axes). In the figure, line 611 represents the transmitted chirp
showing that its frequency increases over time. Line 612
represents the reflected signal 602 from the obstruction and
shows that the reflected signal will arrive at the receive RX
antenna first. The reflected signal has an instantaneous
frequency close to the transmitted chirp frequency, since the
chirp was the most recently transmitted signal. Line 613
represents the reflected signal 603 from the top of the first
fluid and line 614 represents the reflected signal 604 from
the interface or boundary between the top and bottom fluids.
Line 622 represents the intermediate frequency (IF) of the
reflected signal 602 and shows that the obstruction produces
the lowest frequency of the three reflected signals. This
frequency typically results in a distance determination that is
outside the expected range and thus can be ignored. Line 623
represents the intermediate frequency (IF) of the reflected
signal 603 and shows that the top of the fluid produces the
next highest frequency. This frequency will usually result in
a usable distance determination. Line 614 represents the
intermediate frequency (IF) of the reflected signal 604 and
shows that the fluid interface layer produces the highest
frequency of the three signals. This frequency will also
usually result in a usable distance determination.

Referring to FIG. 6C, in some embodiments, the
mmWave Control unit 600 is housed in an enclosure 651
having a window 652 through which signals may pass into
the tank 650. Any suitable attachment means may be used to
mount the enclosure 651 on the tank 650, such as 2-inch
screws on the underside of the enclosure 651, since many
tanks have corresponding 2-inch threaded holes. The enclo-
sure 651 is made either partly or entirely of a material that
can resist the chemical effects of the liquid being monitored
and has a low dielectric constant so that most of the RF
transmitted and received energy is not dissipated. Window
652 may be, or may include, a low dielectric cover or barrier
against the fluid in the tank to allow mmWave Control unit
600 to be used with many different types of chemicals and
liquids. For example, the tank 650 may hold a liquid 655 that
may have foam 654, in which case the chirp will produce a
partial reflection 656 off the foam 654. In some cases, there



US 11,555,732 B2

11

may also be gases 653 above the liquid 655. Sand or sludge
657 collecting just below the window/barrier 652 are either
not detected because such substances have a low dielectric
or the distance thereto is outside the outside the expected
range and ignored.

In contrast, tank level measurement methods that require
a probe, such as methods that rely on time domain reflec-
tometry down a guide wire into the tank fluid, have severe
limitations with respect to certain chemicals and acids. As
well, pressurized tanks create problems with hydrostatic
sensors and installation is difficult. Tank level measurement
methods that employ ultrasonics are thrown off by gases and
foams and are susceptible to buildup and chemical attack.
Embodiments of the invention are impervious to most of
these real-world tank level difficulties because the invention
can be isolated from the fluid in the tank and the mmWave
signals work well with a variety of chemicals. Since plastic
obstructions, foam and gases have a lower dielectric than
most fluids, they can be ignored by using appropriate
software filters, thus allowing the mmWave radar embodi-
ments disclosed herein to determine the desired liquid
levels.

The mmWave radar has a range resolution of ¢/2B where
¢ is the speed of light and B is the radar bandwidth. Thus,
for a radar chirp having a bandwidth of 4 Ghz, for example,
the range resolution or distance between different chemical
layers of the tank or obstructions can be no closer than 3.75
cm from one another. Note that this range resolution of 3.75
cm should not be confused with the measurement accuracy
of less than 1 mm. Increasing the bandwidth of the chirp
improves the ability of the radar to distinguish between
adjacent objects or levels in the tank. Each IF signal has a
frequency that is proportional to the corresponding distance
to an object or fluid that resulted in the IF.

Once the frequency is determined for each fluid layer or
obstruction, the distance equation explained earlier, d=fc/2S,
is run for each frequency. Each frequency is indicative of a
reflection from that liquid, an interface, or an object, and is
correlated back to distance. From there, distances corre-
sponding to known obstructions or tank limitations (e.g.,
dimensions) are ignored.

FIG. 7 shows examples of materials and their dielectric
constants that may be relevant in one or more embodiments.
In general, the dielectric constant € of a material or fluid will
dictate how much of the transmitted energy is returned back
to the receiver in the mmWave Control unit 701. As the
figure shows, the dielectric constant & for air 702 is typically
1.0005, which results in minimal losses and reflections.
Table 705 lists the dielectric constant of typical tank fluids
and a reflection percentage (%) under ideal conditions. Table
704 shows the dielectric constant of different possible mate-
rials that may be used for the window/barrier 652 (FIG. 6C)
and tank materials. Column 707 lists the reflection percent-
age (%) of some materials that are used in fluid tanks. These
low dielectric constants show that reflections are typically
lower than the fluid reflectivity in table 705. Reflectivity
equation 706 assumes perpendicular polarization of a plane
wave on a flat surface. Low loss and non-magnetic materials
allow the intrinsic impedance to be real and ignores the
imaginary frequency dependent portion of the dielectric
constant since its effects are relatively inconsequential
through air. A higher dielectric constant of the target fluid or
object reflects a larger portion of the transmitted signal. A
low dielectric constant will allow much of the signal to
continue through the fluids. Higher dielectric constants will
return most of the transmitted power, as shown in FIG. 7,
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which represents roughly the reflection percentage (%) of
the signal that is returned assuming ideal conditions.

FIG. 8A depicts a plot 800 of relative power (vertical axis)
versus distance (horizontal axis) reading in a typical tank.
Several peaks 801, 802, 803, 804 in the plot are of interest
and correspond with peculiarities in the tank measurement.
A Telemetry Control unit (e.g., Telemetry Control unit 200,
FIG. 2) keeps track of each of the distance-relative power
readings and can ignore certain distances which are not
within the anticipated tank level dimensions or relative
power levels. For example, if the fluid level is only valid
(i.e., expected) between 0.05 m and 2.7 m deep, and the tank
is 3.8 m tall, any determined distance between 3.75 m (i.e.,
3.8 m-0.05m)and 1.1 m (i.e., 3.8 m-2.7 m) are valid. Many
[distance, power level] pairs, indicated at 809, are returned
by the mmWave Control unit 805. Readings outside of the
distance of interest 806 are ignored by the Telemetry Control
unit since those readings indicate an obstruction in the tank
or a reflection off the bottom of the tank 807, such as peak
804 which is outside the distance of interest 806.

FIG. 8B illustrates a chart 810 showing a method that may
be used for difficult or challenging tank level measurement
situations in accordance with one or more embodiments. The
chart 810 may be produced, for example, by computer 133
of the by the Telemetry Control unit 129 (see FIG. 1) which
may keep a record of the last N distance readings, as shown
in an array 812. “Bad” readings 811 that do not correlate
(e.g., within a certain predefined percentage) with most or a
majority of recent samples can be discarded. The power
readings are used to focus on the more prominent readings
from the many possible distance and power levels sent to
computer 133 by the mmWave Control unit. This is just one
of many methods of mathematically isolating valid level
readings.

FIG. 9 illustrate a method of determining the oil-water
interface within a tank in accordance with one or more
embodiments. In the petroleum industry, oil produced from
a well often has water mixed in it. Producers pump this
oil-water mixture into holding tanks where the mixture is
allowed to settle. Oil is less dense than water so it sits on top
of the water. Producers want to know the water and oil levels
and thus profitability in a tank, but the ability to determine
these two levels has proven difficult and expensive. As
discussed previously, embodiments of the invention discern
the distance and signal levels at each layer within the tank
and this method can be used to determine the oil-water
interface, even though the signal levels are extremely low
after they pass through the fluid layers.

In FIG. 9, a mmWave Control unit 901 transmits a radar
chirp 917 into a tank 910. The chirp 917 first passes through
the enclosure wall of the mmWave Control unit 901 and
produces a distance pulse 904 at distance 0.09 m as shown
on horizontal axis 908. The vertical axis 909 shows signal
level in relative power. A strong portion of the radar pulse is
reflected off of the air-oil interface 902, which creates a
pulse 905 indicative of the top of the oil surface 902 at 0.40
m. This air-oil interface 902 produces the strongest distance
pulse and echo. The remainder of the signal passes through
the oil and reflects off of the oil-water interface 903 because
of the difference in the dielectric constants of oil and water.
The reflection off the oil-water interface produces a weaker
pulse and echo 906 at 0.51 m. The remainder of the signal
travels through the water and is echoed off of the bottom of
the tank 910 with spurious echoes 907. The Telemetry
Control unit 900 reads the distances and signal levels from
the mmWave Control unit 901. The data string has the
format [distance, signal strength] for each pulse in the zoom
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Fourier transforms. The data string may start with a special
character 911 such as “#” to simplify parsing. The barrier
distance of 0.09 m and relative signal level of 1.55 are sent
in distance-signal strength pair or group 912. The top of the
fluid follows at 0.40 m in group 913 with the strongest signal
level of 1.98. Following that is the distance and signal level
of the oil-water interface in group 914, with a distance of
0.51 m and a much weaker signal level of 0.54. Groups 915
and 916 are spurious measurements that are discarded. This
method can thus determine the interface between two dis-
similar fluids by observing a distance pulse 906 immediately
following the strongest distance pulse 905. The oil-water
interface is a common example, but the liquid-liquid inter-
face applies to any chemicals in settling tanks with different
densities.

FIG. 10 depicts a typical installation of a mmWave
Control unit 1001 on a chemical tank 1004. This tank 1004
is called an ISO tank and is popular because it can be stacked
and easily configured and transported via rail, ship, and
truck. Variations of this tank are common. The mmWave
Control unit 1001 can be used on virtually any size tank on
which it can be mounted at the top of the tank, typically
using a 2-inch threaded hole in the top of the tank. The
housing or enclosure of the mmWave Control unit 1001 can
have a 2-inch cap molded into the housing for easy instal-
lation using this hole. It is also possible to mount the
mmWave Control unit 1001 on the underside of the tank
1004 so that the radar signals travel upwards first through the
fluid and then detect the air-fluid interface, but this arrange-
ment may not be practical. The mmWave Control unit 1001
may also be placed directly on top of plastic tanks and
attached with double sided tape or small screws or glue for
quick installation since the mmWave signals can penetrate
the plastic tank walls. Signal loss is higher but some
situations may warrant this approach.

In FIG. 10, a wire 1012 may be run from the mmWave
Control unit 1001 to the Telemetry Control unit 1002. The
most common signal interface that may be used over wire
1012 is serial data to Telemetry Control unit 1002, but
analog 4-20 mA, Fieldbus, Hart or other types of interface.
The mmWave Control unit can be mounted on the top and
the Telemetry Control unit on the side of the tank for easy
access and to visually check current levels on the display.
Telemetry Control unit 1002 may communicate wirelessly
with a cellular tower 1003 and/or by satellite 1005 depend-
ing upon cellular coverage in the area. Other commonly used
methods such as microwave or Wi-Fi signals can be used to
transmit data as is often done in this industry. GPS location
is also determined using GPS satellites 1005. The cellular
provider collects data from remote tanks 1004 using servers
1008 which puts the data on the internet 1010. Satellite data
is transmitted to base stations 1006 where the data is sent to
satellite servers 1007 where the data may be accessed via the
Internet. Data is collected from the cellular and satellite
provider by server 1009 and web pages are generated for use
by user 1011. These web pages can be designed to show
current tank fluid levels, volume, tank level changes, days on
site, location history, and the like. Data may be presented in
graphical or tabular form. Text, email, and phone informa-
tion reports are made by the server 1009 to user 1011 as
needed or upon a tank alert condition or on a scheduled
basis.

FIG. 11 illustrates an exemplary housing 1101 for a
mmWave Control unit such as the mmWave Control unit
1001 shown in FIG. 10. A circuit board 1103 of the mmWave
Control unit sits at the bottom of a cavity 1108 in housing
1101 and is secured using screws. When the housing 1101 is
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properly mounted on the tank, the radar antennas 122 (see
FIG. 1) are centered over the tank access hole (not expressly
shown). Wire and strain relief 1104 attached to the housing
1101 provide power and communication lines to the
mmWave Control unit. Lid 1102 screws onto body 1111 of
the housing 1101. Many tanks use a common 2-inch NPT
thread 1013 which makes installation of the tank level
sensors disclosed herein straightforward. Threads 1110 and
1105 allow the radar module to be installed in the tank 1004
via 2-inch threaded holes therein. Radar passes through
window 1106. The bottom of the window 1106 has a thin
barrier or cover, which may be of plastic in some embodi-
ments, to protect the radar sensor. This one-piece construc-
tion makesthe housing 1101 leak proof. A seal on the lid
1102 creates a fluid and tank pressure proof barrier. Wrench
flats on the body 1111 allow the housing 1101 to be tightened
onto the tank.

FIG. 12 illustrates a radar-based telemetry system in a
single enclosure 1201 similar to the single-board embodi-
ment 210 discussed earlier (see FIG. 2C). Such a single
enclosure embodiment 1201 is highly useful because instal-
lation of tank level measurement equipment can be arduous,
requiring installation of the sensor, telemetry, conduit, and
sometimes solar panels. In addition to installation difficul-
ties, typical installations are difficult to replace in the field if
aunit fails. This single enclosure configuration combines the
Telemetry Control unit and mmWave Control unit in a single
unit 1201 and allows the customer to quickly install a tank
monitoring solution. The radar can transmit through plastic
tank walls which makes it ideal for smaller plastic ‘tote’
containers. The self-contained unit 1201 can also work with
conventional ISO tanks by mounting it on a flange cover or
other adapter. The radar solution has double sided tape to
allow the user to “peel and stick” a tank monitoring solution
to a tank. If a tank monitor fails, the bad unit can be removed
in seconds and a new tank monitor easily installed.

In FIG. 12, a Telemetry Control unit 1204 and a mmWave
Control unit 1209 are shown mounted in single enclosure
1201. The Telemetry Control unit 1204 includes a display
1202 shows various types of information, such as the depth,
volume (e.g., gallons), sensor error messages, setup mes-
sages, and the like. A manual wake early button 1203 allows
the operator to get an immediate reading of the tank level.
The mmWave Control unit 1209 typically faces the bottom
of the plastic enclosure 1201 and the tank fluid when
properly mounted. A label 1206 may be provided in some
embodiments describing where the radar signal emanates
from for proper alignment on a tank. Double-sided tape 1207
may be used to allow quick attachment to tanks. Screws
holes 1210 allow screws to be used for attaching the
enclosure 1201 to a tank. A battery pack 1208 may be
provided to power the unit. The batteries may be recharge-
able using solar panels in some embodiments.

FIG. 13 illustrates a mmWave Control unit and a Telem-
etry Control unit housed in the same enclosure 1301 similar
to that described in FIG. 12. This figure shows a typical tank
1300 which holds a few hundred gallons of liquid chemicals
such as fracking fluids. Typically, a person must monitor the
fluid level using the level indicators 1304 marked on the side
of the tank 1300. Users must typically check the amount of
chemicals used several times per day and the chemical
cannot run low or it may interrupt an expensive operation
like an oil field fracking job. Embodiments of the invention
make monitoring the tank 1300 much more convenient by
providing an enclosure 1301 that is extremely easy to use
and install, since no holes need to be drilled and the
mmWave Control unit and Telemetry Control unit contained
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therein can read the tank level through the plastic tank wall
even though it may be V2 inch thick. The radar passes
through the tank wall and a return echo from the fluid is
similarly received. Data may be sent to the user by cell or
satellite several times per day and warnings sent if a low
level is detected. The enclosure 1301 sits on top of the tank
1300. Display 1303 shows the user the status of the system
and current level and volume. Fluid depth 1305 is deter-
mined using the mmWave Control unit in conjunction with
the Telemetry Control unit as described above. A Wake Early
button 1302 on the side of the enclosure 1301 allows a local
user the ability to immediately read the fluid level at any
time.

FIG. 14 shows an exemplary radar horn 1408 that that
may be used with the mmWave Control unit disclosed
herein. The horn 1408 may be attached, for example, by
placing the horn under the circuit board of the mmWave
Control unit. While its use is not essential to the practice of
the embodiments disclosed herein, the horn 1408 can
enhance the ability of the mmWave Control unit to transmit
and receive a signal through a plastic chemical tank wall.
The use of the horn 1408 can increase overall gain of the
mmWave Control unit and thus help the emitted signals
penetrate thicker plastic tank walls. As mentioned earlier,
some embodiments of the mmWave Control unit use mul-
tiple transmit and receive antennas so there are multiple
signal paths, which makes using a typical conical radar horn
impractical. Accordingly, a novel 2-sided horn is disclosed
for use herein that does not result in multiple transmit and
receive path lengths. The 2-sided horn can be used with
mmWave Control unit because the main concern is elevation
of the signal and not the azimuth direction of the signal. The
additional elevation provided by the horn can be offset from
the tank level measurements via a software adjustment in the
mmWave Control unit or the Telemetry Control unit.

Referring to FIG. 14, when using a typical cone shaped
radar horn, multiple and non-symmetrical paths 1401 may
result. When there is no horn, the signal strength is flat over
any angle, as indicated at 1402. A conical horn, however,
results in varying signal strength relative the detected angle,
as indicated at 1403, which is highly undesirable. The
calculations that may be performed to determine the signal
strength needed to stay within FCC limitations is shown at
1404, and the desired signal strength goal is indicated at
1405 (e.g., 20 dBi). The novel alternate horn design 1408
disclosed herein comprises two metal plates 14084 and
14085 connected at an angle to each other by a flat portion
1408c. The angle between the two metal plates 14084 and
14085 may be chosen as needed for a particular application,
and may be about 30° in some embodiments. As can be seen,
the horn 1408 can be open sided, since elevation is the main
consideration and not azimuthal direction. Wires 1406 con-
nect the horn 1408 to the mmWave Control unit 1407. Use
of the horn 1408 results in relatively consistent signal
strength emanating from the horn, as indicated at 1409,
while side lobes 1410 escape out of the edges. The gain of
the mmWave Control unit when no horn is in place is
indicated at 1411. When the horn is used, total gain is
relatively flat at any measurement angle, as indicated at
1412. A single housing or enclosure 1413 similar to the one
described with respect to FIG. 12 may be used to house the
horn 1408, the Telemetry Control unit 1114 (board), and the
mmWave Control unit (board) 1415.

A person skilled in the art realizes that the present
invention by no means is limited to the preferred embodi-
ments described above. On the contrary, many modifications
and variations are possible within the scope of the appended
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claims. For example, the user display and decision process
may be located within the invention circuit and the telemetry
circuitry may be incorporated in the invention circuit board
if needed.

Having thus described several aspects of at least one
embodiment of this disclosure, it is to be appreciated various
alterations, modifications, and improvements will readily
occur to those skilled in the art. Such alterations, modifica-
tions, and improvements are intended to be part of this
disclosure, and are intended to be within the spirit and scope
of'the disclosure. Accordingly, the foregoing description and
drawings are by way of example only.

While particular aspects, implementations, and applica-
tions of the present disclosure have been illustrated and
described, it is to be understood that the present disclosure
is not limited to the precise construction and compositions
disclosed herein and that various modifications, changes,
and variations may be apparent from the foregoing descrip-
tions without departing from the scope of the disclosed
embodiments as defined in the appended claims.

What is claimed is:

1. A tank level instrument for measuring a distance from
near a top of a tank to one or more fluids in the tank,
comprising:

a chirp generator operable to generate a millimeter wave
chirp that ramps linearly from a starting frequency to a
higher frequency within a specified time span;

a transmit line configured to carry the chirp generated by
the chirp generator for transmission into the tank;

a receive line configured to carry one or more chirp
reflections received from the tank,

a mixer operable to mix the chirp carried by the transmit
line with the chirp reflections received by the receive
line to generate one or more intermediate frequency
signals;

a processing unit operable to process the one or more
intermediate frequency signals and derive one or more
distances from the one or more intermediate frequency
signals, each distance representing the distance from
near the top of the tank to one of the one or more fluids
in the tank or an obstruction in the tank; and

a computer operable to automatically select intermediate
frequency signals having a signal strength above a
predefined minimum or distances within a predefined
distance window for further processing and ignore
other intermediate frequency signals and distances.

2. The tank level instrument according to claim 1, wherein
the starting frequency of the chirp is above 60 GHz and a
bandwidth of the chirp is 4 Ghz or more.

3. The tank level instrument according to claim 1, wherein
the processing unit is operable to process the one or more
intermediate frequency signals using Zoom Fourier trans-
form.

4. The tank level instrument according to claim 1, further
comprising an enclosure mounted on the tank over an
opening in the tank, the enclosure isolating the chirp gen-
erator, the transmit line, the receive line, the mixer and the
processing unit from the tank, the enclosure being made
partly or entirely of a material having a dielectric constant
that is sufficiently low to allow the chirp and the chirp
reflections to pass through the enclosure with a signal
strength loss that is less than a specified minimum.

5. The tank level instrument according to claim 4, wherein
the material of the enclosure has a dielectric constant that is
less than 5.
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6. The tank level instrument according to claim 4, wherein
the material of the enclosure is impervious to the one or
more fluids in the tank.

7. The tank level instrument according to claim 4, wherein
the same enclosure also isolates the computer from the tank.

8. The tank level instrument according to claim 4, wherein
the computer is operable to ignore distances representing the
distance between the top of the tank and chemical residue
that may collect on the enclosure.

9. The tank level instrument according to claim 1, wherein
the computer is operable to ignore distances that represent
the distance between the top of the tank and one or more of
foam, gas, fog, mist, ice, sand, debris, chemical residue, and
obstructions in a tank.

10. The tank level instrument according to claim 1, further
comprising wireless telemetry connected to the computer
and operable to transmit the distances selected by the
computer to a remote location.

11. The tank level instrument according to claim 10,
wherein the wireless telemetry includes one or more of
cellular telemetry and satellite telemetry.

12. The tank level instrument according to claim 1,
wherein the computer is further operable to identify a
dissimilar fluid interface by determining whether a first
intermediate frequency signal is followed by a second
intermediate frequency signal having a lower signal strength
than the first intermediate frequency signal, both the first and
second intermediate frequency signals having signal
strengths above the minimum.

13. The tank level instrument according to claim 1,
wherein the tank level instrument a self-contained unit.

14. The tank level instrument according to claim 1, further
comprising a visual display for allowing a user to selectively
display a fluid level or a fluid volume in the tank.

15. The tank level instrument according to claim 1,
wherein the processing unit is operable to send the one or
more intermediate frequency signals to an external computer
for further processing.

16. The tank level instrument according to claim 1, further
comprising an open-sided horn connected to the transmit
line, the open-sided horn composed of two plates connected
to each other at an angle.

17. A tank level instrument for measuring a level of fluid
in a tank, comprising:

a mmWave Control unit configured to generate a milli-

meter wave chirp that ramps linearly from a starting
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frequency to a higher frequency within a specified time
span, the mmWave Control unit further configured to
transmit the chirp into the tank and receive one or more
chirp reflections from the tank, the mmWave Control
unit further configured to mix the chirp with the chirp
reflections to generate one or more intermediate fre-
quency signals and process the one or more interme-
diate frequency signals to derive one or more distances,
each distance representing the distance from near a top
of the tank to a fluid in the tank or an obstruction in the
tank; and

a Telemetry Control unit configured to automatically

select intermediate frequency signals having a signal
strength above a predefined minimum or distances
within a predefined distance window for further pro-
cessing.

18. The tank level instrument according to claim 17,
further comprising a single enclosure, wherein the mmWave
Control unit and the Telemetry Control unit are enclosed
within the single enclosure.

19. A method of measuring a level of fluid in a tank,
comprising:

generating, at a chirp generator, a millimeter wave chirp

that ramps linearly from a starting frequency to a higher
frequency within a specified time span;

transmitting, via a transmit line, the chirp into the tank;

receiving, via a receive line, one or more chirp reflections

from the tank;
mixing, at a mixer, the chirp with the chirp reflections to
generate one or more intermediate frequency signals;

processing, at a processing unit, the one or more inter-
mediate frequency signals to derive one or more dis-
tances, each distance representing the distance from
near a top of the tank to a fluid in the tank or an
obstruction in the tank; and

automatically selecting, at a computer, intermediate fre-

quency signals having a signal strength above a pre-
defined minimum or distances within a predefined
distance window for further processing.

20. The method according to claim 19, wherein the
generating, transmitting, receiving, mixing, processing, and
automatically selecting are performed from within a single
enclosure.



